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The transition of epithelial cells from a stationary to a
motile state is important in embryogenesis, wound
repair and metastasis. Recent studies have shown that
ARNO and ARF6 play significant roles in coordinating
this transition, providing new insight into the interplay
between the Rho and ARF families of GTPases.
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The integrity of epithelial tissues is maintained through
the interactions of individual cells with their neighbors
and with the underlying extracellular matrix (ECM). In
most situations, these stable cell–cell and cell–ECM junc-
tions, through interactions with the intracellular cytoskele-
tal network of actin and intermediate filaments, contribute
to a tissue’s resilience, polarity and barrier capabilities [1].
During wound healing, however, as well as in tumor cell
metastasis, normally stationary cells can be stimulated to
become a highly motile sheet of cells, or to dissociate from
their neighbors and disperse, or ‘scatter’. The mechanisms
controlling these processes are poorly understood. Although
a role for Rho family GTPases in regulating fibroblast
motility has become well accepted over the last decade
[2], these ‘molecular switches’ represent only part of the
story for epithelial cell motility. The laboratories of Crislyn
D’Souza-Schorey [3] and James Casanova [4] have now
provided evidence that the missing link resides in the ability
of these cells to coordinate Rho family GTPase activity
with that of another family of small GTPases, the ADP-
ribosylation factors (ARFs).
Cell motility requires regulated changes in cell adhesion
and reorganization of the actin cytoskeleton. The active,
GTP-bound forms of Cdc42, Rac and Rho have been shown
to be important modulators of these processes in fibrob-
lasts. In particular, Rac stimulates the formation of broad,
actin-rich membranous sheet-like protrusions at cell edges,
called lamellipodia. Importantly, in epithelial cells, tight
junctions and adherens junctions form additional barriers
to motility that are not present in fibroblasts. Nevertheless,
Rac activation is a necessary component of cell motility in
both cell types [2,5].
The ARF GTPases, on the other hand, were originally
identified as regulators of vesicle transport within cells.
More recently, several studies have linked ARF GTPases
to actin cytoskeleton-dependent changes in cell morphol-
ogy [6]. These include the demonstration that the Golgi-
associated ARF1 activity contributes to the formation of
the cell–ECM adhesion structures called focal adhesions.
This is accomplished through the delivery of the cytoskele-
tal adaptor protein paxillin to the plasma membrane and
the activation of Rho [7]. Similarly, overexpression of a
constitutively active form of plasma membrane-associated
ARF6 was found to result in the formation of lamellipodia-
like membrane protrusions, possibly through the ability of
ARF6 to facilitate recruitment of active Rac to the plasma
membrane [8,9].
The activity of these GTPases is regulated by their ability
to bind and hydrolyse GTP. Conversion of these molecu-
lar switches to their active, GTP-bound state is facilitated
by guanine nucleotide exchange factors or GEFs. Con-
versely, inactivation is associated with the hydrolysis of GTP
to GDP, and is promoted by GTPase activating proteins or
GAPs. A further level of regulation lies in the restricted
subcellular distributions of the respective GTPases, GEFs
and GAPs. Epithelial cells are normally surrounded by
neighbors, and cell–cell junctions function to maintain
membrane polarity. Only when a tissue is wounded does a
free edge of cells become exposed to the surrounding
milieu and polarity lost. This can be recapitulated in vitro
by scraping a wound in the cell monolayer or by growing
cells in small groups or ‘islands.’
‘ARF nucleotide-binding-site opener’ (ARNO) is a GEF for
both ARF1 and ARF6 in vitro, but given its restricted local-
ization in the apical membrane compartment of epithelial
cells, where ARF6 resides, its specificity in vivo may be
more constrained [10,11]. Consistent with this premise, Santy
and Casanova [4] found that expression of ARNO in islands
of MDCK epithelial cells selectively stimulated the activa-
tion of ARF6, although the precise role of cell polarization in
determining the specificity for ARF6 remains to be deter-
mined. Furthermore, it will be of interest to evaluate the
potential contributions from other ARF GEFs, such as
ARF6-specific EFA6. The pull-down assay Santy and
Casanova [4] developed for measuring the level of ARF
activity in cells exploits a region of the ‘Golgi-localized, γ-
ear-containing ARF-binding’ protein, GGA3, that binds only
to the GTP-bound form of ARFs, and should prove valuable
for studying the roles of ARFs in diverse cellular functions. 
Interestingly, Santy and Casanova [4] found that the
overproduction of ARNO in MDCK islands resulted in a
dramatic flattening of cells positioned at the periphery and
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the formation of large lamellipodia, similar to the effect
of Rac activation. Cells within the islands that maintained
cell–cell junctional integrity exhibited no overt morpho-
logic changes. Unlike active Rac, ARNO expression in
peripheral cells also stimulated cell motility and caused
individual cells to pull away from their neighbors. This
conversion to a fibroblast-like phenotype is analogous to
that induced by treatment with hepatocyte growth factor
(HGF), also known as scatter factor [12,13]. 
ARNO’s ARF GEF activity appears to be critical, given the
failure of a GEF-defective mutant to elicit a similar response
[4]. Furthermore, Palacios et al. [3] found that a constitu-
tively active form of ARF6 was able to induce MDCK cell
motility. Conversely, a dominant-negative form of ARF6
attenuated the motility of these cells in a monolayer wound
assay [4], and also abrogated HGF-induced motility [3].
The observed generation of broad lamellipodia is consis-
tent with Rac activation. Indeed, although ARNO is
unable to activate Rho family members directly [10], the
introduction of ARNO induced a robust increase in Rac
activity [4]. Inhibition of Rac by coexpression of a dominant-
negative form of the GTPase inhibited ARNO-induced
ruffling and cell motility, placing Rac downstream of ARF
activation. Interestingly, while several other groups have
demonstrated a role for Rac in HGF-induced flattening
and lamellipodia formation in epithelial cells [12,13], and
Rac is sufficient to promote the migration of epithelial cell
sheets during wound closure [5], Rac activation alone is not
sufficient to stimulate cell scattering.
What are the additional signals supplied by ARF6 to effect
scattering? First, Palacios et al. [3] showed that active ARF6
triggers the disassembly of adherens junctions. Although this
does not require the cytoskeletal-remodelling function of
ARF6, it is a prerequisite for the stimulation of cell motility,
perhaps through modulation of Rac. Second, phospholipase
D (PLD), a known effector of ARF and Rho family activities
[14], was found to be activated in ARNO-expressing cells
[4]. Inhibition of PLD activity abrogated ARNO-induced
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Proposed model of the mechanism of action of ARNO in the
coordination of ARF/Rac in epithelial cell motility/scattering.
Wounding or cell stimulation by HGF (scatter factor) triggers the
activation of the ARF GEF ARNO, resulting in the activation of both
ARF and Rac. ARF6 activation stimulates membrane recycling and
signals the breakdown and internalization of adherens junctions (AJ),
leading to cell dissociation allowing cell scattering to potentiate
wound closure. The loss of cell polarization may allow ARNO access
to ARF1 at the Golgi apparatus, as well as plasma membrane ARF6,
to stimulate PLD activation and a PIP2-dependent cytoskeleton
remodelling cascade. Rac activation may function in part to
disassemble tight junctions (TJ) in addition to stimulating cell
spreading, protrusion and motility, perhaps through activation of the
PAK–PIX–PKL–paxillin complex.
cell motility and scattering. Conversely, the elevation in Rac
activity was not affected by blocking PLD activity thereby
excluding a direct role for PLD in the ARF-dependent
recruitment of active Rac to the plasma membrane through
alterations in lipid composition. It is not known if dominant-
negative ARF6 eliminates PLD activation by ARNO, nor
which PLD isoform mediates the ARNO-induced scatter
response or if PLD activity is required for ARF6-stimulated
adherens junction breakdown. Nonetheless, the results indi-
cate that ARNO-dependent, and perhaps ARF6-dependent,
cell motility requires the activation of at least two parallel
pathways involving Rac and PLD.
PLD is regulated through interactions with actin, the actin-
bundling protein α-actinin and the actin-severing protein
gelsolin [15]. These interactions may serve an important
role in positioning inactive PLD within the membrane
cytoskeleton. Subsequent activation by membrane-bound
ARF6, or perhaps ARF1, could contribute to localized
remodelling of the membrane lipid composition by PLD,
and successive downstream signaling. A cascade of events
can be envisioned, in which ARF/Rho activation and
binding to PLD releases actin and α-actinin suppression of
PLD to permit phosphatidic acid production. Active ARF
and Rac/Rho, in conjunction with phosphatidic acid, acti-
vates phosphatidylinositol 4-phosphate 5-kinase to produce
phosphatidylinositol 4,5-bisphosphate (PIP2). This lipid
further activates PLD and induces α-actinin integration
into focal complexes behind the leading edge, as well as
inactivating gelsolin. The net result would be stabilization
of the actin cytoskeleton within the membrane protrusion,
thereby facilitating motility [16].
Finally, how does ARF stimulate localized Rac activation
to facilitate cell motility? Although tight junctions are
weakened by Rac activation [17], paradoxically Rac stimu-
lates adherens junction formation [18]. One possibility is
that ARF6 activation may sort Rac to discrete subcellular
compartments, where it can effect tight junction break-
down and simultaneously promote membrane and
cytoskeletal reorganization [3]. Santy and Casanova [4]
suggest a dual role for the recently identified family of
ARF GAPs. These proteins, which include GIT, PKL and
CAT, localize to cell–ECM adhesion sites through an inter-
action with paxillin [19,20]. They also bind to the Rac
exchange factor called PIX/COOL. These ARF GAPs may,
in addition to negatively regulating ARF activity, function
as effector molecules by recruiting active ARF protein to
the adhesion sites in a way that leads to localized stimula-
tion of PIX activity and consequent Rac activation [4].
Although there is little direct evidence to date for this
particular scenario, the Rac-activated kinase PAK is also a
component of this complex of proteins. PAK activity is
required for the Rac-induced spreading and lamellipodia
formation in epithelial cells [12]. Furthermore, the appro-
priate subcellular localization of the PAK–PIX–ARF GAP
complex is necessary for normal cell motility in non-
epithelial cells [19,20]. How, or if, ARNO and ARF6
specifically influence the formation, composition and
function of this complex remains to be determined.
References
1. Gumbiner BM: Cell adhesion: the molecular basis of tissue
architecture and morphogenesis. Cell 1996, 84:345-357.
2. Nobes CD, Hall A: Rho GTPases control polarity, protrusion, and
adhesion during cell movement. J Cell Biol 1999, 144:1235-1244.
3. Palacios F, Price L, Schweitzer J, Collard JG, D’Souza-Schorey C:
An essential role for ARF6-regulated membrane traffic in
adherens junction turnover and epithelial cell migration. EMBO J
2001, 20:4973-4986.
4. Santy LC, Casanova JE: Activation of ARF6 by ARNO stimulates
epithelial cell migration through downstream activation of both
Rac1 and phospholipase D. J Cell Biol 2001, 154:599-610.
5. Fenteany G, Janmey PA, Stossel TP: Signaling pathways and cell
mechanics involved in wound closure by epithelial cell sheets.
Curr Biol 2000, 10:831-838.
6. Donaldson JG, Jackson CL: Regulators and effectors of the ARF
GTPases. Curr Opin Cell Biol 2000, 12:475-482.
7. Norman JC, Jones D, Barry ST, Holt MR, Cockcroft S, Critchley DR:
ARF1 mediates paxillin recruitment to focal adhesions and
potentiates Rho-stimulated stress fiber formation in intact and
permeabilized Swiss 3T3 fibroblasts. J Cell Biol 1998,
143:1981-1995.
8. Radhakrishna H, Al-Awar O, Khachikian Z, Donaldson JG: ARF6
requirement for Rac ruffling suggests a role for membrane
trafficking in cortical actin rearrangements. J Cell Sci 1999,
112:855-866.
9. Boshans RL, Szanto S, van Aelst L, D’Souza-Schorey C:
ADP-ribosylation factor 6 regulates actin cytoskeleton remodeling
in coordination with Rac1 and RhoA. Mol Cell Biol 2000,
20:3685-3694.
10. Chardin P, Paris S, Antonny B, Robineau S, Beraud-Dufour S,
Jackson CL, Chabre M: A human exchange factor for ARF contains
Sec7- and pleckstrin-homology domains. Nature 1996,
384:481-484.
11. Frank S, Upender S, Hansen SH, Casanova JE: ARNO is a guanine
nucleotide exchange factor for ADP-ribosylation factor 6. J Biol
Chem 1998, 273:23-27.
12. Royal I, Lamarche-Vane N, Lamorte L, Kaibuchi K, Park M. Activation
of cdc42, rac, PAK, and rho-kinase in response to hepatocyte
growth factor differentially regulates epithelial cell colony
spreading and dissociation. Mol Biol Cell 2000, 11:1709-1725.
13. Ridley AJ, Comoglio PM, Hall A: Regulation of scatter
factor/hepatocyte growth factor responses by Ras, Rac, and Rho
in MDCK cells. Mol Cell Biol 1995, 15:1110-1122.
14. Exton JH: Phospholipase D. Biochim Biophys Acta 1998,
1436:105-115.
15. Lee S, Park JB, Kim JH, Kim Y, Shin KJ, Lee JS, Ha SH, Suh PG,
Ryu SH: Actin directly interacts with phospholipase D, inhibiting
its activity. J Biol Chem 2001, 276:28252-28260.
16. Laukaitis CM, Webb DJ, Donais K, Horwitz AF: Differential dynamics
of alpha 5 integrin, paxillin, and alpha-actinin during formation and
disassembly of adhesions in migrating cells. J Cell Biol 2000,
153:1427-1440.
17. Jou TS, Schneeberger EE, Nelson WJ: Structural and functional
regulation of tight junctions by RhoA and Rac1 small GTPases.
J Cell Biol 1998, 142:101-115.
18. Braga VM, Machesky LM, Hall A, Hotchin NA: The small GTPases
Rho and Rac are required for the establishment of cadherin-
dependent cell-cell contacts. J Cell Biol 1997, 137:1421-1431.
19. West KA, Zhang H, Brown MC, Nikolopoulos SN, Riedy MC,
Horwitz AF, Turner CE: The LD4 motif of paxillin regulates cell
spreading and motility through an interaction with paxillin kinase
linker (PKL). J Cell Biol 2001, 154:161-176.
20. Zhao ZS, Manser E, Loo TH, Lim L. Coupling of PAK-interacting
exchange factor PIX to GIT1 promotes focal complex
disassembly. Mol Cell Biol 2000, 20:6354-6363.
Dispatch R877
